Two decades ago, world cereal nitrogen use efficiency (NUE) was documented at 33%. Since then, research addressing NUE has advanced. However, there are no current estimates to communicate whether or not research efforts and recent advances have contributed to improved NUE. With the apparent trends for increasing greenhouse gases, NUE values could be used as a management tool for agronomic and environmental sustainability. Our objective was to provide current estimates and trends of NUE for the world and selected countries for cereal crops cultivated in relatively large quantities. Data from the Food and Agriculture Organization (www.fao.org/faostat) website were used to compute NUE. The difference method was employed to derive NUE and trends. Results indicated that cereal NUE in 2015 was 35, 41, 30, and 21% for the world, the United States, China, and India, respectively. Compared with 33% reported in 1999, there was insignificant trend of increase (r 2 = 0.01) from 2002 to 2015 for cereal world NUE (p > 0.05). Low NUE for China and India was due to high N consumption. A slight improvement for the United States from 31% in 2002 to 41% in 2015 (r 2 = 0.20) could be a result of using improved cultivars and precision crop management. Increasing cereal NUE in the United States echoes the value of new technologies and the heightened importance of the environment. Recognizing year-to-year variability in N fertilizer requirement and implementing a systematic approach that combines agronomic recommendations with improved crop varieties could further improve NUE.
N itrogen is an essential macro plant nutrient required in the largest quantity for growth and development (Fageria and Baligar, 2005) . It is the largest by composition in the atmosphere and yet remains the most limiting in most plants. Aware of the fact that plants do not assimilate N in the form present in the atmosphere, its abundance therefore does not indicate availability to plants. Natural mechanisms for atmospheric-soil N input include non-symbiotic and symbiotic fixation, and addition in rainfall (Peoples et al., 1995; Sullivan et al., 2014) . However, the natural mechanism of soil N input does not significantly support world food production, as the world population growth rate has outpaced this process (Crews and Peoples, 2004) . Therefore, use of N from synthetic sources is inevitable in the face of increasing world population.
Because N principally determines crop yield, producers around the world have applied N in excess, thus leading to low nitrogen use efficiency (NUE). Cereal world NUE was estimated and reported by Raun and Johnson (1999) at 33%. This implies that 67% of all the applied N is unaccounted for and can be lost within the soil system through leaching and/or gaseous forms, potentially contributing to a decrease in air and water quality. The initial documentation for low cereal world N use efficiency sparked curiosity among researchers in many disciplines. Since the initial estimate, a number of research efforts have advanced from agronomic, environmental, and breeding perspectives in improving the low NUE (Raun et al., 2002; Presterl et al., 2003; Fageria and Baligar, 2005; Hirel et al., 2007; Garnett et al., 2009) .
With increased concern for the environment and knowledge of excessive application of N fertilizers, increasing NUE has become the center of ecological/ecosystem research around the world. The biggest challenge to improving NUE is the ability to combine genetic, agronomic, and environment variables. Agronomic practices are responsible for low NUE due to excessive application of N fertilizers (Raun and Johnson, 1999; Zhu et al., 2005) . However, improved N economy from reduced N fertilizer inputs must operate within acceptable crop yield levels (Hirel et al., 2007) . This is in light of the fact that food production needs to be intensified on a fixed world land resource while embracing the challenges that comes with as much (Tilman et al., 2011) .
The improvement in crop genetics over time has led to increases in cereal crop grain yields (Cassman, 1999; Hoisington et al., 1999) . Unlike traditional crop selection methods, advancements in selection using faster methods like marker assisted selection and genetic engineering has shown promise in increasing grain yield amid ever-increasing environmental stresses. These methods accelerate crop breeding via improved genotyping and phenotyping processes, as well as increasing the availability of genetic diversity in the breeding program (Tester and Langridge, 2010) . Since farmers still have to apply fertilizers to supplement increased yield potential for high-yielding crop cultivars, successes in breeding has not paralleled improved grain yields due to other external inputs (Dalrymple, 1986; Cassman, 1999) .
Besides crop genetic improvements, advances in agronomy, and specifically research in precision agriculture, has contributed to improvement in nutrient use efficiency. Tester and Langridge (2010) noted that improvements in agronomy have resulted in a linear increase in global food production trends. In developed agricultural production systems, technologies have been established that allow for site specific management of agricultural fields. This includes nutrient, herbicide, and pesticide applications. Bongiovanni and Lowenberg-DeBoer (2004) noted that precision or sitespecific management of agricultural inputs has resulted in both environmental and economic benefits. Because a significant portion of the N loss or inefficiencies in uptake are due to spatial variability in the landscape, management zones have been used to improve crop N uptake from the soil (Khosla et al., 2002) . In experiments that were conducted in six different states/countries, Martin et al. (2005) demonstrated that the average plant-to-plant difference in by-plantgrain-yield was 2926 kg ha -1 or 47 bushels acre -1 . The variability in grain yield from fields that have been treated equally therefore imply different N fertilization needs, hence reducing waste and optimizing plant N uptake and utilization. Via variable rate technology, precision agriculture has helped to improve input use efficiency by providing information on spatial variability within a field (Torbett et al., 2007) . This farming approach can optimize use of agricultural inputs for maximum economic output.
An important facet for improving NUE is via the application of in-season N fertilizer. The timing of N fertilizer application can improve synchronization of N availability to plants and maximize uptake and utilization (Blackmer and Schepers, 1994; Turner and Jund, 1994) . Recent work has documented the value of "N Rich Strips" (Raun et al., 2010) . This innovative approach entails applying relatively high N fertilizer rates in a narrow strip within the field and using sensor based fertilizer algorithms to visually discern in-season N application needs. Its main advantage in improving NUE is resolving the challenge of poor synchrony between fertilizer N and crop demand (Shanahan et al., 2008) . This has helped counter spatial variability that leads to low NUE and reduced high N input when the season favored N availability. Because N response is independent of yield level and N availability is strongly dependent on the environment, optimum fertilizer N rates are often unpredictable (Dhital and Raun, 2016) . Within-season N management is thus more appropriate to improve response to applied N fertilizer and improving NUE.
Developed vs. Developing Agriculture
Crop production requiring enhanced soil fertility management is a common practice for cereal production systems around the world. Fertilizer input rates, which have a significant influence on NUE, differ from one production system to another throughout the world (Drechsel et al., 2015) . There are clear-cut differences between developed and developing agricultural production systems with the latter experiencing low crop yield. In most cases, developed agricultural systems experience high crop productivity as a result of mechanization and application of chemicals (Ruttan, 2002; Drechsel et al., 2015) . Important to note is the high rate of fertilizer application, especially N fertilizer. Improved grain yields as a result of increased N fertilizer application come with a cost of degrading the environment through the various N loss pathways. Raun and Johnson (1999) reported world N use efficiency for selected cereal crops at 33%. The reason for this low NUE, in addition to having numerous loss pathways, is over-application of N fertilizer. In contrast, Edmonds et al. (2009) reported over 100% estimated NUE in Sub-Saharan Africa. The authors noted that mining of the already depleted soils as a result of low or no N application is the reason behind high estimates of NUE in this region.
Nitrogen Loss Pathways
Volatilization. Ammonia volatilization is one of the most important causes of N loss, especially in calcareous soils (Mandal et al., 2018) . Whenever fertilizer N is applied to the soil, especially as urea, ammonia loss through volatilization occurs when pH exceeds 7.0 and this is therefore one of the major causes of low NUE. The rate at which volatilization losses occur depends on fertilizer management practices, and ecological conditions like wind, temperature, rainfall, and soil properties (Sommer et al., 2004) . Brentrup et al. (2001) reported that the availability of N in soil after fertilization was dictated by ammonia volatilization in the applied fertilizer sources. Ammonia volatilization is mainly governed by the concentration of the entire ammonical N (Sommer et al., 2004) . Proper application technique, straw incorporation, availability of soil moisture, and avoiding application at high wind speed are some of the techniques used to reduce the rate of volatilization of the applied fertilizer N (Cao et al., 2018; Sagoo et al., 2018; Woodley et al., 2018) . For instance, Cao et al. (2018) reported that addition of wheat straw led to a 24% reduction in ammonia loss after the basal application. Reducing N loss from urea applied is the first and the most important step toward improving NUE in a cereal production system requiring application of urea fertilizer N sources.
Denitrification. This is a biological process involving the conversion of nitrate N to gaseous forms under anoxic soil environments. It is believed to be exclusively a bacterial trait and an important component of the N cycle, which reverses the N fixation process (Zumft, 1997) . Denitrification is the loss of N in gaseous form as nitrous oxide, nitrogen monoxide, and nitrogen dioxide. It is probably considered the most important N loss pathway under oxygen limited agricultural systems that require heavy application of N fertilizer. Freney et al. (1990) reported that losses of the applied N fertilizer due to denitrification are extremely high in flooded or paddy rice. These losses can sometimes be as high as 50% of the applied fertilizer N (Houlton et al., 2006) . Much as incorporating urea into the soil reduces N loss through volatilization; this is not always the case under anoxic soil conditions, as this would favor denitrification losses instead. Under flooded field conditions, the biggest challenge in the improvement of NUE is trying to control both loss processes at the same time (Freney et al., 1990) . Therefore, it is difficult to improve NUE of the applied fertilizer N if both volatilization and denitrification are controlled simultaneously. Addiscott and Powlson (1992) reported that losses due to denitrification were on average, nearly twice that compared with N leaching losses when trying to partition N fertilizer losses due to the two processes. It is apparent that the magnitude of N loss due to denitrification depends on the prevailing environmental factors.
Nitrate Leaching. Occurs mostly in sandy permeable soils and also a result of soil having net negative charge, which does not retain the negatively charged nitrate ions (Stenberg et al., 1999; Di and Cameron, 2002) . The amount of nitrate that is leached from soil depends on the concentration of nitrate present in soil solution, which in turn depends on the amount of N applied, the nitrification rate, and the denitrification rate (Cameron et al., 2013) . The rate at which nitrate leaching occurs is also significantly influenced by the type of tillage practices such as conventional vs. no tillage. Some researchers have reported the influence of tillage practices on soil nitrate leaching. Hansen and Djurhuus (1997) concluded from a field experiment that cultivation practices increased soil nitrate leaching, although it was further influenced by soil type. For instance, cultivation increased soil nitrate leaching on a sandy loam soil but not on coarse sand. Stenberg et al. (1999) added that the timing of tillage is also very important in controlling nitrate leaching. In a study conducted in Sweden, the authors reported that delaying tillage can reduce nitrate leaching losses from 68 to 39 kg N ha -1 compared with early tillage. The increased level of nitrate N in groundwater is a direct result of leaching. High concentration of nitrate in drinking water is known to be harmful, especially to children below 1 yr of age, causing blue-baby syndrome (methemoglobinemia). If drained into surface water bodies such as lakes, rivers, or streams, nitrate can cause eutrophication with subsequent increased biological oxygen demand and greatly affect aquatic species (Di and Cameron, 2002) .
Plant Losses. Plants are known to lose significant quantities of N after uptake and accumulation. Loss of N from the foliage as ammonia occurs during plant photorespiration. The accumulated gaseous N losses have been documented at 40 kg N ha -1 . This is a result of the imbalance between N accumulation and assimilation in plant systems (Xu et al., 2012) . This loss is believed to increase with increased N rate applied and vary significantly with different crop species and varieties. Kanampiu et al. (1997) documented between 7.7 and 59.4% of post anthesis plant N loss in winter wheat. Although these losses were variety specific, they observed that there was a general increase with increased N rate applied. The two most important components of the N economy are comprised of the uptake and partitioning of N between the straw and grain (Desai and Bhatia, 1978) . Efficient utilization of N in the production of grain also requires efficiency in the processes of uptake, translocation, assimilation, and redistribution. At favorable environmental conditions that reduce ammonia volatilization, leaching and denitrification, plant N loss can become the most important factor influencing low NUE. Wetselaar and Farquhar (1980) noted that the maximum amount of N in the aboveground plant parts are near anthesis, but losses occur continuously over the plant growth period with the peak loss occurring between anthesis and maturity. The objective of this article was to provide current estimates and trends of NUE for the world and selected countries for cereal crops cultivated in relatively large quantities.
MATERIALS AND METHODS
Various methods have been proposed to report fertilizer nutrient use efficiency including the difference method, mass balance, and isotopic discrimination. Of these, the difference method is probably the simplest and most commonly used for reporting nutrient use efficiency (Dhillon et al., 2017) . For the difference method, percentage fertilizer recovery is calculated by dividing the difference between total N crop uptake from fertilized plots and total N crop uptake from unfertilized plots by rate of fertilizer N applied (Raun and Johnson, 1999) . This is micro calculation of fertilizer nutrient use efficiency summarized by the equation below (Eq. [1] ):
where FP is fertilized plot and UP is unfertilized plot. For this work, macro analysis, adapted from the difference method was employed to compute NUE for selected cereal crops cultivated worldwide (all countries and territories of the world) using data obtained from the FAO Statistics database (FAO, 2019) . This is summarized using the equation below (Eq. [2] ):
where CNF is cereal N from fertilizer and CNS is cereal N from soil. The cereal crops used in the computation of world NUE include maize (Zea mays L.), rice (Oryza sativa L.), wheat (Triticum aestivum L.), sorghum (Sorghum bicolor L.), barley (Hordeum vulgare L.), millet (Pennisetum glaucum L.), oat (Avena sativa L.), and rye (Secale cereale L.). In addition to the world, NUE was also computed for the United States, China, India, and least developed countries (LDC) to compare efficiency in production systems with low and high consumption of N fertilizer. In this estimate, three major assumptions were made. The first assumption was that cereal consumption of N fertilizer is 56% of the total world N used in agricultural production . However, for the individual country/region selected for this study, the proportion of N fertilizer used for cereal production was different; 48, 65, 62, and 60% for China, the United States, India, and LDC, respectively . Second, N removal from cereals coming from soils is 50% of the total N used (Keeney, 1982) . Lastly, N removed in cereals coming from the fertilizer is 50% of the total N used (Raun and Johnson, 1999) . Aggregate cereal grain N removal was calculated by multiplying total grain produced by the percentage N of the respective cereal crops. The percentage N for wheat, maize, rice, barley, sorghum, millet, oat, and rye used in the calculation were 2.13, 1.26, 1.23, 2.02, 1.92, 2.01, 1.93, and 2.21, respectively (Raun and Johnson, 1999; Roberts, 2008) . The use efficiency of the applied fertilizer N was then estimated by dividing N removed in cereals coming from the fertilizer (50% of total) by cereal N fertilizer consumption and expressed as a percentage. From Eq. [2] , the procedure used to calculate NUE are summarized in steps below.
To help explain the NUE trends, N fertilizer consumption trends were also computed for the world and selected countries/region over 14 yr. Data analysis was conducted using the MS Excel (2016) statistical package. Simple linear regression was used to compare trends for cereal NUE and N consumption for the selected countries/region. The coefficient of determination (r 2 values) and slope significance (p values) were used to interpret the rate of increase in NUE or growth in N consumption for the selected countries/ region over the study period.
RESULTS AND DISCUSSION
The motivation for improving low NUE stems from the fact that it affects not only food production but also the environment. It is apparent from the world data that cereal crop producers still experience low NUE (Table 1) . Despite recent gains from agronomic and genetic research, world NUE has barely increased. This is evidenced from the trend analysis indicating no significant increase (p > 0.05) from 2002 to 2015 in world NUE for cereal crops with r 2 = 0.01 (Fig. 1) .
Indiscriminate use or high global N fertilizer consumption to maximize cereal crop yields largely account for the low NUE. Figure 2 indicates a significant (p < 0.05) increase in the consumption trend of world N with an r 2 of 0.98 from 2002 to 2015. The growth of N consumption would be expected, as the world population keeps rising against the more or less constant land resources. Erisman et al. (2008) indicated that external nutrient source, especially N fertilizer, accounts for nearly 50% of the increases in food production. This implies that chemical fertilizer use is always a factor in the food production equation. In the middle of the 19th century, the "Green Revolution" was adopted and implemented to increase food production, a product of heightened food demand and a growing human population. Much as this approach significantly increased global food production (Singh, 2000) , whereas negative consequences included environmental degradation, it set a pace leading to the over use of N fertilizer, and low NUE (Raun and Johnson, 1999; Foley et al., 2005) . Consequently, there is a need to analyze the capacity of the ecosystem to sustain food production for the rapidly growing global human population.
Apparently, it appears the Green Revolution approach is still being practiced, especially in some developed and developing agricultural systems that experience high productivity per unit area. For instance, results indicated relatively low NUE for China ( Fig. 1) and India (Fig. 3) compared with that of the world. In China and India, intensive cereal crop production, which takes place on large land areas to meet food demand from the high human population, is sustained by high fertilizer N use. Although China showed a significant improvement (p < 0.05) in NUE (r 2 = 0.83) over the study period, the initial values were very low. Conversely, India showed a declining trend in NUE (r 2 = 0.60) over the study period, demonstrated by negative slope of the regression equation (p < 0.05). Figure 4 demonstrates that fertilizer N consumption for India is higher than that of LDC. However, both India (r 2 = 0.92) and LDC (r 2 = 0.93) showed an increasing trend in fertilizer N consumption over the study period (p < 0.05). On another perspective, the comparative marginal use of fertilizer N in LDC resulted in very high NUE values (Fig. 3) . This confirms an earlier report by Edmonds et al. (2009) , who estimated NUE for Sub-Saharan Africa at over 100%. They explained that continuous crop production with little or no fertilizer N use resulted in mining of the already depleted soils. On a similar account, Drechsel et al. (2015) reported mining of soil N for the past 30 yr in Sub-Saharan Africa at an annual rate of 22 kg N ha -1 . Crop production without replenishing soil nutrients would certainly deplete soil nutrient pools (Omara et al., 2017) . Generally, high N fertilizer inputs result in low NUE, whereas low or no N input results in extremely high NUE. Clearly, there is a need to strike a balance while taking into consideration the food production needs and potential losses of N in to the environment.
Compared with the world, the United States has shown promise in improving cereal NUE with r 2 = 0.20 (Fig. 1) . The use efficiency of the applied N increased from 31% in 2002 to 41% in 2015 ( Table 2 ). This is probably because of planting cultivars that have been developed for improved nutrient use efficiency with high yield potentials. Advancement in crop genetic selection and adoption of cultivars with efficient assimilation of N into plant tissue is one of the major gains for improving NUE. The contribution of crop improvement in increasing grain yield over time has been well documented by many authors (Cassman, 1999; Hoisington et al., 1999; Tester and Langridge, 2010) . Although this appears to be a noble cause, it seems that high yielding cultivars bred with high nutrient use efficiency alone may not completely resolve the problem of low NUE. A combination of this and improved agronomic practices seems to have a profound impact on NUE.
In addition to planting crop cultivars that efficiently utilize nutrients, improved agronomic practices such as using sensor-based technology that allows for the right quantity of fertilizer to be applied mid-season has greatly contributed to improved NUE (Raun et al., 2002) . Sensor-based N applications have allowed for site-specific placement of N fertilizer, thus reducing waste in N applied by accounting for within-field variability. Ultimately, this improves N management and use efficiency of the applied N to increase yields and reduce N loss to the environment. With advanced global positioning system (GPS) technologies, site-specific N management can be simple and cost-effective compared with grid-based systems (Khosla et al., 2002) . A report by Drechsel et al. (2015) indicated that countries such as the United States, Germany, the UK, and Japan have increased NUE as a result of decreasing N use, with associated increases in crop yields. This is evident in Fig. 1 , illustrating an increasing trend of NUE in the United States compared with the world average. To further support the point noted by Drechsel et al. (2015) , there was a relatively slow growth in fertilizer N consumption for the United States (r 2 = 0.36) compared with China (r 2 = 0.97) and the world (r 2 = 0.98) from 2002 to 2015 (Fig. 2) .
Generally, limiting biophysical or chemical processes like leaching and denitrification would be a focus for improving use efficiency of the applied N fertilizer. Unfortunately, some of these processes are random and are largely governed by changes in environment, in addition to management practices (Di and Cameron, 2002) . As reported by Jabloun et al. (2015) , nitrate concentration and the rate of leaching are site-specific and driven by climatic factors and crop management. For instance, heavy rainfall in early spring would encourage the leaching losses of applied N fertilizers in winter wheat fields. Donner et al. (2004) noted that the influence of late winter wheat snowmelt and early spring rainfall could increase leaching losses of nitrate. This was evidenced by a strong correlation between the nitrate leaching coefficient of variation (CV) and precipitation CV in the months of March, April, and May. Similarly, Jabloun et al. (2015) noted that the relative effects of temperature and precipitation varied differently according to seasons and cropping systems and that leaching increased with increases in temperature and precipitation. The rate at which nitrate is lost from the soil, therefore, strongly depends on the moderating environmental conditions. If plant N need could be supplied as ammonium as well as limiting its conversion to nitrate, which is susceptible to leaching and denitrification, NUE could be significantly improved (Subbarao et al., 2012) . This approach has been proven beneficial and effective in reducing nitrate leaching, and hence improving NUE (Di and Cameron, 2016) . Unfortunately, technologies such as use of nitrification inhibitors that reduce the rate of conversion of ammonium to nitrate is not widely practiced on a commercial scale. A more systemic approach of N management involving both agronomic and genetic approaches could help improve NUE for cereal crops.
CONCLUSION
It is apparent that world cereal NUE is low and has not significantly increased for the last decade. With increasing global N consumption trends, it is unlikely that world NUE can improve if the objective of increasing crop yield is at the center of a cereal production system. Much as high N input results in low NUE and/or low or no N input results in extremely high NUE, it is important to note that striking a balance between increased food production, and improving NUE, will be a key to sustainable food production. A range of research efforts are still needed to realize an appropriate level of NUE. A more systematic approach of N management involving both agronomic and genetic approaches are important for improving NUE in cereal crops. Since the biophysical loss pathways are inevitable and strongly influenced by the changes in the environment, incorporating seasonal changes and spatial variability into agronomic research could increase the efficiency of the apparent high global N consumption. Also, adoption of precision agriculture and in-season N management, in addition to planting improved cereal crop cultivars, could significantly contribute to increased NUE.
